Swimming pools provide an excellent facility for exercise and leisure but are also prone to contamination from microbial pathogens. The study modelled a 50-m × 20-m swimming pool using both a small-scale physical model and computational fluid dynamics to investigate how water and pathogens move around a pool in order to identify potential risk spots. Our study revealed a number of lessons for pool operators, designers and policy-makers: disinfection reaches the majority of a full-scale pool in approximately 16 minutes operating at the maximum permissible inlet velocity of 0.5 m/s. This suggests that where a pool is designed to have 15 paired inlets it is capable of distributing disinfectant throughout the water body within an acceptable time frame. However, the study also showed that the exchange rate of water is not uniform across the pool tank and that there is potential for areas of the pool tank to retain contaminated water for significant periods of time.
INTRODUCTION
Microbial pathogens can be introduced to swimming pool water directly thorough accidental releases from infected users, through shedding from contaminated equipment and clothing or from contaminated source water. The pathogens that are associated with swimming pool water, together with their potential impacts on human health and methods for control, have been well researched and documented (Pond Both of these methods cannot be implemented directly at source in the pool tank. It is therefore necessary for the oocysts to be removed from the pool tank for external treatment or filtration. For that reason, it is very important that the hydraulic design of the pool tank efficiently removes the oocysts and avoids the formation of dead zones within the water body. In addition, knowledge about the expected spread of oocysts throughout the water body would enable more effective facility management by operators following a faecal incident, reducing the risk of further contamination and transmission to other bathers.
Understanding the turnover of water and dispersion of disinfectants within a swimming pool is therefore an essential part of water quality management required for the protection of public health. Attempts to model the hydraulics of pools have been recently undertaken by Cloteaux et al. (, ), however they present insufficient detail and validation of the modelling methods used to enable the accuracy of the results to be determined. The hydraulic requirements of the two treatment mechanisms are fundamentally opposed as maximising the removal of water from the pool tank for ex-situ treatment requires a minimising of mixing within the pool tank, however this will reduce the efficacy of disinfectant treatment. Therefore, a balance between the two mechanisms will be required to operate the swimming pool efficiently.
Current guidance in the UK by PWTAG recommends maximum times for overall pool turnover for a range of pools in order to address these issues. The recommendations for pool turnover time, however, vary and are dependent on the type of pool facility (Table 1 ). The objective of these recommendations is to prevent the accumulation of chlorineresistant pathogens and other dissolved pollutants.
PWTAG () also recommends that for all pools uniform dye dispersion should be achieved within a 15 minute period. This aims to ensure that adequate mixing takes place to maximise the efficiency of the treatment of nonchlorine-resistant pathogens. The combination of these guidelines aims to create a balance between plug flow and fully mixed hydraulic designs, however no evaluation with respect to the appropriateness of these specified guidelines has been published to date.
The pool turnover time is defined by PWTAG () as the time required for the total volume of water in the pool to be exchanged using the recommended circulation rate. The recommended circulation rate is in turn related to the maximum bather load that is permissible on safety grounds. This combination of definitions, however, omits any consideration of the hydraulic design of the pool tank and the uniformity of the water exchange. This raises concerns that the current guidance does not place adequate requirements on pool designers to ensure that potential hazards are effectively removed.
The current energy efficiency agenda has encouraged the use of variable speed drives within the circulation system at many swimming pools (Carbon Trust ). These devices enable facilities to reduce the energy consumed by the water treatment plant by slowing down the circulation pumps during unoccupied periods. Although the potential environmental and financial benefits have been widely reported, there have been no studies to assess the potential impacts this change in operational practice can have on the effectiveness of pathogen control and therefore the risk to public health.
PATHOGEN PROPERTIES

Chlorine sensitive pathogens
A number of pathogens of interest are susceptible to chlorine, including E. coli and Pseudomonas aeruginosa.
Various studies have shown that they can be successfully deactivated following contact with chlorine for a short period of time. CT (disinfection concentration multiplied by the contact time) values for chlorine disinfection of pathogens of concern are shown in Table 2 together with resulting disinfection times expected at common swimming pool chlorine concentrations of 1-2 mg/L.
The CT time and disinfectant distribution throughout the pool are key aspects to include in the modelling. The time that it takes for chlorine to reach all parts of the pool tank will indicate how long operators should allow before bathers can use the pool following interruptions in the treatment system. Similarly, it will assist in forecasting the requirement for a recovery period following a period of high bather occupation. Combined with data on chlorine consumption rates, this will enable a riskbased approach to be used to optimise the concentration of chlorine to use in the pool water and recovery time requirements.
Chlorine-resistant pathogens
Not all pathogens can be effectively controlled through chlorine disinfection as highlighted in Table 2 . Cryptosporidium is a good example and due to current interest in the pathogen within the swimming industry was selected for assessment in this study. Ozone is more effective at inactivating oocysts with a CT value of 3.5 mg min/L. UV is highly effective at inactivating oocysts with 99.98% inactivation achievable with doses as low as 19 mJ/cm 2 . Both of these methods however cannot be directly applied to the water in the pool tank, therefore it requires the oocysts to be removed from the tank and deactivated in the treatment system.
The rate and uniformity of water removal is therefore another key aspect of swimming pool hydraulics. Understanding how long water from different areas of the pool will remain within the tank will provide information required to analyse the risk to bathers from various contamination scenarios.
The study presented in this paper has been undertaken using a combination of small-scale physical modelling and computational fluid dynamics (CFD) modelling to assess the effectiveness of chemical distribution and water removal for a commonly used tank design for competition pools. It also assesses the impact that changes in operational practices could have on the risk to public health in large public swimming pools.
METHODS
The study consisted of two approaches for assessing the distribution of chemicals and the retention time of water in a pool tank. The first approach used small-scale physical modelling and the second approach used CFD techniques available in a commercial software package.
Physical modelling experiments
A rectangular open surfaced tank measuring 100 cm long, 40 cm wide and 4 cm deep was built specifically for this study to simulate a swimming pool. These dimensions were selected in order to create a model tank that was geometrically similar to the tank dimensions commonly used for 50 m swimming pools, which was the focus of the current study. The geometric scaling ratio of 1:50 enabled the tank to be large enough for visualisation to be possible while reducing the size of the tank to a practical size for filling and emptying. Fifteen pairs of inlets were installed along the sides of the tank at a depth of 2 cm and measured 2 mm in diameter. The inlets were connected to a pipe network that was fed with mains water via an adjustable header tank and a volumetric flow meter. To minimise variation in the flow distribution equal lengths of tubing were used to connect each inlet. The water was allowed to overflow along both sides of the tank into two collection channels that were connected to the drain. This enabled the experiment to be run continuously in a controlled manner at a range of velocities and therefore start-up effects could be eliminated. A volumetric flow meter was installed to enable the flow rate of water from each header tank position to be measured. The experimental apparatus is shown in (1) and (2) below:
where h is the depth of the tank. In these experiments h ¼ 20 d. This non-dimensional analysis neglects any surface tension and buoyancy effects.
Considering the definitions of Froude number and Reynolds number, it is not possible to satisfy both Froude number similarity and Reynolds number similarity requirements for different scales without changing the kinematic viscosity of the fluid. Dynamic similarity requires the following relationship between the scaling factor for kinematic viscosity (F υ ) and the scaling factor for the geometry (F l ) (Hughes ). Knowledge about the behaviour of turbulent jets in these different scenarios is therefore needed to better inform the swimming pool industry.
Initial validation of CFD methodology
Initial validation of a CFD methodology using ANSYS Physical experiments were also undertaken using the apparatus described in Figure 1 to supplement the available published experimental data. Comparison of the experimental data with CFD solutions showed that the CFD methodology was capable of reasonably accurately representing the flow characteristics within the swimming pool tank.
In all cases, the jet inlet was defined by specifying a uniform inlet velocity, turbulence intensity and turbulence length scale. Similarly, in all cases, solid surfaces were defined with no slip boundary conditions. For the free jet case, the remaining far-field boundaries were defined by specifying pressure and turbulence intensity and eddy viscosity to molecular viscosity ratio for any inflow. This boundary condition was also applied to the tank outlets in the shallow jet and confined jet cases.
The free surface in the shallow jet and confined jet cases was approximated using a zero shear stress boundary condition. This was considered appropriate as flow-induced surface deformations are observed to be negligible in largescale applications of submerged jets at Reynolds numbers less than 50,000 and, as gravity was also not included, Froude number effects were not being modelled.
Turbulence intensity settings for the inlet were calculated using the relationship shown in Equation (5), where
Re is the Reynolds number of the inlet flow (ANSYS ). Free jet verification studies showed the k-ϵ realisable turbulence model to be relatively insensitive to this parameter (ANSYS ).
A summary of boundary conditions used in the CFD modelling cases is shown in Table 3 .
In addition to the selection of appropriate boundary conditions, the initial validation studies were undertaken to assess the type of mesh and turbulence model required to accurately model the swimming pool scenario. The water was observed to be opaque for dye concentrations greater than 9.38 × 10 À2 g/L and was not clearly distinguishable from the blank sample below a dye concentration of 3.66 × 10 À4 g/L. This information was used to • Render type: volume rendering • Variable: dye mass fraction • Transparent mass fraction: 1 × 10 À7 • Opaque mass fraction: 1 × 10 À4
CFD visualisation modelling to investigate disinfection dispersion
Multi-phase CFD modelling to investigate water turnover rates
To analyse the rate of water removal from the pool tank, it was necessary to modify the CFD methodology to include a multi-phase water model. For the purposes of tracing the water, the water introduced through the inlets was specified to be a different phase than the water initially existing within the tank. Both phases were specified to have the same properties and were able to fully mix with each other. Following initialisation of the CFD model, the mass fraction of each phase was calculated both at the outlets and within the pool tank after each timestep. The model was then run until at least 90% of the original water contained within the pool tank had been removed.
RESULTS AND DISCUSSION
The studies undertaken in this investigation generated a large number of flow images and numerical data streams and therefore all the results cannot be effectively presented directly. The collected data, however, was used to create a series of graphical outputs that could be analysed with reference to aspects of the full-scale swimming pool application.
More specifically the results were used to comment on three aspects of swimming pool operation: disinfectant distribution, surface water movement and pool turnover rate, as discussed below.
Disinfectant distribution
Both the CFD and physical modelling approaches provided results that could be used to evaluate the distribution of disinfectant throughout the pool tank. Close agreement was observed between the CFD and the physical modelling This is a significant period and therefore indicates the potential for health risks if a start-up period is not allowed for following interruptions to the treatment system, such as backwashing the sand filters. Undertaking a dye test in the full-scale pool is needed to provide final validation, however this was not possible during the investigation due to financial constraints and availability of the pool.
Surface water movement These observations indicate that surface water removal towards the ends of the pool tank is likely to take longer than in a more central location. This indicates that any contaminants released in these areas would likely take longer to be removed from the pool and therefore increase the potential for human exposure to harmful contaminants.
Activities for the user groups most likely to cause a faecal release, namely young children or bathers with disabilities, are usually focussed at the ends of the pool tank. As reported by Suppes et al. () , more splashes to the face occur to younger swimmers who tend to ingest higher volumes of water than other groups, making them more vulnerable to ingestion of pathogens. These observations would suggest that enhancing the water removal rates at the ends of the tank could reduce the contamination risk following an incident in these areas.
Pool turnover rate
The mass fraction of original water present within the pool tank was recorded during the CFD simulations. The modelled water exchange profile for the pool is shown in Figure 6 together with the theoretical water exchange profile, calculated using current guidance published in Swimming Pool Water (PWTAG ), for comparison.
The proportion of original water actually exchanged during the design specified turnover period of 3.7 hours was found to be 62%. The simulation also showed that a 90% removal of original water was not achieved until more than double the recommended turnover period. This has important repercussions for determining whether the existing hydraulic design of pools is appropriate. In addition to the overall water exchange profile, the uniformity of the water in the pool tank was also examined. Figure 7 shows the areas of the pool tank that contained more than 70% of the original water after 6 hours of simulation. It indicates that, in the current configuration, the exchange rate of water is not uniform across the pool tank and that there is the potential for areas of the pool tank to retain contaminated water for a significant period of time.
The simulation also indicated that the dead spots in this common pool configuration are likely to occur at either end of the pool tank. The presence of chlorine-resistant pathogens in these areas is therefore likely to persist longer than in other areas of the pool. This is of significant concern as bathers (particularly children and weak swimmers) were observed during the study to often spend most time at the end of the pool rather than in the middle of the pool. This not only increases the probability of contaminants being introduced in these locations initially, but also the risk of potential exposure to persistent pathogens. Water analysis undertaken by Lewis et al. (a, b) indicated that large variations in some water quality parameters did exist within the pool tank. Further developing these simulations to look at the retention time of pollutants introduced into different areas of the pool tank is recommended to enhance understanding of pollutant mobility and also support the selection of appropriate sampling locations for operational pools.
Limitations of the study
There were difficulties in the setting up of the physical experiment as the small-scale model also exhibited significant shown that they are significant in ensuring that pools do not retain contaminated water for long periods of time, potentially leading to ingestion by vulnerable bathers such as children or the elderly.
CONCLUSIONS
The CFD modelling indicated that, although dye could be effectively distributed within the short time frame desired, current pool design approaches are not as effective at exchanging the water within the tank. A common misconception in the swimming pool industry is that the turnover time is only dependent upon the volume of the tank and the water flow rate. The CFD modelling showed that approximately only 60% of the water volume is exchanged during the turnover time calculated using current methods. This is due to the mixing taking place in the tank. The Similarly, carrying out dye tests and residence time tracer tests on a fully operational facility would enable further validation of the simulation methodology to be undertaken.
Unfortunately this was not permitted by the operator of the facility at the time the research project was being undertaken.
The potential of CFD modelling in pool operation, regulation, design and management is considerable. By varying the models to take into account different pool configurations as well as various structures in the pool, such as a moveable floor or slides it would be possible to identify both potential health risks and consequently the best management practices to deal with specific pools.
The current study indicates that there is a need for additional research to further investigate the influence of pool design and management practices on the water quality of pools. These investigations should focus on the transportation of substances around the water body and generation of full-scale data that can be used to validate a CFD methodology suitable for swimming pools. This would in turn assist policy-makers in the much needed task of drafting regulations based on scientific evidence for swimming pools and other artificial recreational water facilities.
